I. INTRODUCTION
In the last two decades, investigations into the force response of biological specimen at the cellular to the single molecule length scales have become increasingly common. When manipulating larger objects (typically on the μm length scale), devices that apply both tensile and compressive stresses are used frequently, while investigations at the single molecule level typically only involve the application of tensile stresses. For example, instruments with physical connections to probes such as atomic force microscopes (AFMs) have been used to apply relatively large forces (up to hundreds of μN) with pN sensitivity to cells, [1] [2] [3] components of blood clots, 4 to multiple bio-molecules at a time, 5 and to probe populations of receptor-ligand interactions. 6 Additionally, attached probe techniques using micropipettes or microneedles have been used to determine mechanical properties such as the bending rigidity of mitotic chromosomes, 7 and to determine the role lamins and chromatin play in maintaining the integrity of the nucleus. 8, 9 For manipulating smaller objects, detached probe techniques that apply forces via electric fields (laser tweezers) or magnetic fields (magnet based manipulation) are often employed. In these experiments the applied forces typically need not be as large; up to hundreds of pN for laser tweezers and tens of nN for magnetic based manipulation, but much higher force sensitivity (on the order of 0.01 pN) is advantageous. Typical experiments utilizing these systems include investigations of the mechanical properties of sina) Author to whom correspondence should be addressed. Electronic mail:
jfisher@mcb.harvard.edu gle molecules of DNA, [10] [11] [12] [13] tensile forces required to disrupt DNA-nucleosome interactions 14 and the higher order packaging of nucleosomes, 15 and investigations of force induced signal transduction in cells. 16 Experimental systems that apply compression forces are less common than those applying tensile forces, and until very recently have remained limited to attached probe techniques such as macroscopic plates, 17 microplates, 18, 19 microindenters, 20, 21 and AFMs. 1, 9, 22 In these systems, compression is achieved by pressing the manipulated object into a substrate that acts as a one-dimensional physical barrier. The compressed object is then free to redistribute in the other dimensions, as shown in Fig. 1(a) . An alternative manipulation scheme that uses a reduction in confining volume to apply a compressive force, while minimizing the potential for redistribution, is shown in Fig. 1(b) .
Most recently and most closely related to the aims of this work, a system using an optical trap to manipulate a bead inside a microfluidic channel for the purposes of combining compressive forces and confinement has been reported. 23 This system is capable of applying forces as large as 100 pN to compress isolated bacterial nucleoids using a high power (up to 4 W) laser to generate forces. Localized heating generated by the trapping/manipulation laser, which could be as high as 40
• C in water for a laser of their wavelength and power and significantly higher in other media, 24 may compromise the ability of such a system to apply compressive forces without causing significant damage to the specimen. Our desire to apply compressive forces to biological targets under confinement, in a system closely replicates the target's natural environment, has led to the development of the device described herein. 
II. EXPERIMENTAL SETUP

A. Design and fabrication of the magnetic force micropiston
The micropiston system consists of two main components: (1) the microfluidic subsystem responsible for isolating the specimen, providing confinement and buffer exchange, and (2) the magnetic subsystem which is used to manipulate magnetic beads for the purpose of applying compressive forces (pressures) to the specimens.
The microfluidic component of this device is made of two large channels that are interconnected via a series of small channels or compression chambers (Figs. 2(a) and 2(b)). At the output end of each compression chamber a constriction acts to block the passage of larger objects, thus trapping these objects in the chamber while maintaining the ability to exchange buffers and deliver biological targets (e.g., proteins) to the compression chambers.
To fabricate the microfluidic device, we begin with a 4 in. silicon wafer that is coated with a 2 μm thick layer of photoresist (S1813, Shipley Company, Marlborough, MA). A standard photolithographic process is used to pattern the photoresist with the X-Y dimensions of the compression chambers as defined in a photomask. The Z dimension is then defined by etching the resist free regions of the wafer using a reactive ion etch (Surface Technology Systems ICP RIE, located in the Harvard Center for Nanoscale Systems), turning the areas protected by the resist into ridges (Fig. 3(a) ). The protective photoresist is then removed, leaving behind finished compression chambers that are 100 μm long, with widths and heights that are just slightly larger than the diameters of commercially available 1.0, 2.8, and 4.5 μm magnetic beads (one wafer per bead diameter). As a result, the compression chambers are 1.05, 2.85, or 4.55 (±0.05) μm wide and tall, narrowing down to 0.5-2 μm wide in the constricted area (constrictions seen in Fig. 2(b) ).
After the compression chambers have been fabricated, two large channels, 100 μm wide and 50 μm tall, perpen- dicular to the ends of the small channel are made from SU-8 2050 (Microchem, Newton, MA) ( Fig. 3(b) ) via photolithography. These channels are responsible for delivering fluid to the input side of compression chambers and collecting fluid that has passed through to the output side. The resulting twolayer mold is then treated with trichlorosilane (Gelest Inc., Morrisville, PA) to reduce adhesion between the wafer and the mold material.
To generate forces inside the small microfluidic channels, 100 μm thick magnetic foils (Netic R alloy, Magnetic Shield Corporation, Bensenville, IL) couple the magnetic fields generated by a six-core electromagnet system (discussed in detail below) to the microfluidic channels described above. The magnetic foils are etched (Fotofab, Chicago, IL) to create a rectangular frame that surrounds a total of 6 arms (one arm for each of the six electromagnets). Three of these arms (top 3 in Figs. 3(c) and 3(d)), which are coupled to three of the electromagnets and driven with a like polarity current, merge into a rectangular block. The other three arms (bottom 3 in Figs. 3(c) and 3(d), seen in detail in Fig. 3 (e)) are coupled to the remaining three electromagnets and driven with the opposite polarity and terminate as sharp tips. The sharp tips generate the high field gradients necessary to achieve large magnetic forces. The rectangular block, located 500 μm away from the tips, serves as a return path for the magnetic flux back into the drive ring of the six-core electromagnet system. This geometry provides a low resistance (reluctance) loop that will maximize the magnetic field at a given magnetomotive force according to the following equation: where mmf is the magneto-motive force, is the magnetic flux, and R the reluctance. The large rectangular frame (Fig. 3(c) ) preserves the alignment of the tips and the rectangular block until they become incorporated into the final device.
Micropiston "chips" are made by incorporating the magnetic foils into a polydimethylsiloxane (PDMS) (Slygard 184, Dow Corning, Midland, MI) based microfluidic mold of the silicon wafer (master). This is accomplished by mounting the etched magnetic foil on the silicon master with the tips aligned 1-10 μm from the large channel closest to the constrictions. PDMS is then poured over the master and magnetic foil, degassed, and cured at 65
• C for 2 h. Once cured, the PDMS with embedded magnetic foil is peeled away from the silicon master and holes are punched in the PDMS at the fluid input/output locations (blue "X"s in Fig. 3(d) ). The elevated features of silicon master are now trenches in the PDMS mold that, once sealed, can be used to hold and deliver fluid. The   FIG. 4 . Fluidic circuit. The micropiston "chip" containing the compression chambers is connected to an external fluid delivery system using four valves (numbered 1-4) that either deliver fluid to the input/output side of a main channel or isolate the chip from the fluid delivery system. process of embedding the magnetic foil in the PDMS typically results in a 1-5 μm layer of cured PDMS between the top of the silicon master and the surface of the magnetic foil that was in close contact with the silicon master. The presence of this thin layer means that there is a continuous layer of PDMS on the "bottom" of the device that may be bonded to a piece of glass to seal the back side of the channels. To create this seal, the PDMS is activated via oxygen plasma and bonded to a 24 × 60 mm coverslip. The micropiston chip is completed by cutting the magnetic foil's large rectangular frame at the base of the arms (cut locations indicated with white dashed lines in Fig. 3(c) ), leaving isolated magnetic structures that will be energized by individual electromagnets (Fig. 3(d) ). A high magnification view of the magnetic foils, main channels, and compression channels is shown in Fig. 3(e) .
Fluid is delivered to/removed from the micropiston chip via two acrylic manifolds, each with two ports that couple teflon tubing (#1527L, IDEX Health & Science, Oak Harbor, WA) from the off-chip fluid delivery/removal system to the chip via 0.5 mm passages in the manifold. Fluid input to the off-chip delivery/removal system is selected using a 6-port selection valve (V-240, IDEX Health & Science) that is used in conjunction with a syringe pump (Model 100, KD Scientific Inc., Holliston, MA) for precise flow rate control. Prior to entering the chip, the fluid passes through a 4-way right angle flow valve (V-100L, IDEX Health & Science) (valve 1 in Fig. 4 ) that, along with the three other 4-way valves at each of the chip's input/outputs (valves 2-4 in Fig. 4) , are used to control fluid flow through the chip. To load the chip, valves 1 and 4 are opened (valves 2 and 3 closed), allowing fluid to flow from the top main channel, down the compression chambers, through the constrictions, and into the bottom main channel. Once the chip is loaded, all valves are closed (switched to "block" in Fig. 4 ) to isolate the chip and prevent unwanted fluid flow.
The magnetomotive force used to actuate magnetic beads in compression chambers is provided by the six independently controlled electromagnets previously described as part of a thin-foil magnetic force system for high-numerical-aperture microscopy. 25 Briefly, this system consists of a castellated annular magnetic drive ring with each of the six evenly spaced castellations wound with magnet wire. Magnetomotive force is controlled by sending a voltage from a digital to analog converter (DAC) board (National Instruments, PCI-6713, Woburn, MA) to a six-channel transconductance drive amplifier with a gain of 0.5 A/V. This current is sent to the electromagnets where it produces a magnetic field that is coupled into the magnetic foil embedded in the chip. The micropiston chip and electromagnets, as well as an acrylic manifold used to deliver fluid to the chip, sit atop a 3/16 in. thick heated aluminum plate coated with black insulating tape (all seen in Figure 5(a) ), designed to fit in the 96-well plate adaptor commonly available for translation stages on commercial microscopes. The temperature of the plate is maintained by a closed loop temperature controller (Oven Industries, Model 5C7-195, Mechanicsburg, PA) connected to two cartridge heaters (Omega, Stamford, CT, CSS-01235) inserted into holes drilled into the side of the 3/16 in. plate, with the temperature monitored by either a thermocouple (Omega, CHAL-001-36) inserted into the microfluidic chip or a sensor mounted on the aluminum plate (Oven Industries, TS104). A cartoon illustration of a cross-sectional side view of the system is seen in Fig. 5(b) . The micropiston chip consists of all of the components contained inside the dashed rectangle. Note the thin layer of PDMS (light grey) between the foil and coverslip that is used to bond the coverslip to the rest of the chip. The fluid manifolds and electromagnets couple directly to the top of this chip, with the screws that hold the fluid manifolds to the aluminum plate responsible for securing the chip against the plate as well. An example of a micropiston chip loaded with non-magnetic blocking beads is seen in Fig. 5(c) . All chambers typically load with a single blocking bead initially instead of multiple beads entering a few chambers due to the decrease in intrachamber fluid flow that comes with partial blockage.
In order to prevent non-specific adsorption of injected materials onto the channel walls, shortly after sealing the device a buffer solution containing 1 mg/ml concentration of small lamellar vesicles (SUVs), in this case egg phosphatidylcholine, (Avanti Polar Lipids, Alabaster, AL) is injected into the channels as described by Yang et al., 26 causing the spontaneous formation of a lipid bilayer on the inner surfaces of the channels via vesicle fusion. 27 The effectiveness of this technique was verified by checking for non-specific adsorption of fluorescently labeled 200 nm polystyrene beads after prolonged exposure to the channel surfaces. Both lipid treated and non-treated devices were loaded with the beads, allowed to incubate for 2 h, and then washed with phosphate buffered saline (PBS). As seen in Figure 5(d) , non-specific adsorption of the beads was greatly reduced for the channels treated with the lipids (channel walls indicated with blue lines). As a result of this effectiveness, all results presented here are for channels that have been treated with the lipids prior to introduction of a specimen.
III. RESULTS
A. Blocking beads: Effectiveness of blocking channel outputs
As seen in the conceptual cartoon of our system, in order to facilitate rapid (not diffusion driven) buffer exchange we use a non-magnetic "blocking" bead atop a constriction at the base of the compression channel to allow fluid to flow through the channel while restricting passage of larger target objects. To test the functionality of this technique, we injected 4.5 μm polystyrene beads into the system to block the exit of the compression channels. With the polystyrene beads in place, the available area for passage through the channel is reduced from one region with an area of 20.70 μm 2 (4.55 × 4.55 μm) to two passages each with an area 1.21 μm 2 . With the polystyrene blocking beads in place, we then flowed fluorescently labeled (Sytox Green, S7020, Invitrogen, Grand Island, NY) linearized lambda DNA (New England BioLabs, N3011S,Ipswitch, MA) molecules into the system at a rate of 0.5 μL/h. As seen in Fig. 6 , the majority of the lambda DNA molecules are unable to fit past the blocking bead(s) and collect in the compression chamber.
B. Buffer exchange: Decondensation of xenopus sperm chromatin driven by media exchange
To test the ability of our device to bring forth a change in the state of a biological target via buffer exchange, we used a Xenopus laevis system to generate interphase-like chromatin from demebranted sperm heads. Sperm heads suspended in "Buffer X" (10 mM HEPES, 80 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM EDTA) are loaded in the channels of the micropiston between a blocking bead and a magnetic bead. The sperm specific buffer is then replaced with egg extract diluted with "EB" buffer (250 mM sucrose, 75 mM KCl, 0.5 mM spermidine trihydroxhloride, 0.2 mM spermine tetrahydrochloride, pH 7.3-7.5) before closing the input/output valves of the microfluidic subsystem. Incubation of the demembranated sperm head in the extract causes the chromatin to expand, exerting pressure on the beads which in turn forces the magnetic bead up the channel (away from the blocking bead). The rate of this expansion is dependent upon the dilution factor of the extract, with expansion typically taking approximately 1 h for an extract diluted 3× in extract buffer. As seen in Fig. 7 , expansion of the sperm chromatin due to exposure to the egg extract is a dramatic effect that causes the magnetic beads to be pushed over distances of many μm. Interestingly, the pressures associated with this type of expansion are much greater than the maximum pressure that our device can apply in opposition, requiring the use of fluid forces to push on the upper magnetic bead to compress the chromatin. FIG. 7 . Bead movement driven by chromatin expansion. Exposure of the sperm chromatin (bright material between dark beads) to egg extract causes the chromatin to decompact, pushing the bead towards the top of the channel. Here, chromatin expansion pushes the magnetic bead over 10 μm in the compression chamber. 
C. Compression forces: Force on a 4.5 μm bead
Forces generated by the magnetic system have been calibrated outside of the piston system, as a function of the drive current, by determining the velocity of 4.5 μm superparamagnetic beads (Dynabeads M-450, Invitrogen Dynal AS, Oslo, Norway) in solution of known viscosity (Glycerol @ 30 o C). With the viscosity (η), bead radius (a p ), and the bead velocity (v) known, we can use Stokes formula, F = 6πηa p v, to calculate the applied force. Here, η = 5.98 P, 28 and a p = 2.25 μm. Using the one-dimensional velocity corresponding to motion down the microchannel in the appropriate Z-plane, the relevant force for a micropiston system may be determined. Here, we restrict our calibration to those beads that are captured by a 30 o angle from the pole tip (blue dashed lines in inset image in Fig. 8 ), corresponding to beads with the majority of the force down the channel. Maximum values of approximately 300 pN are generated in the system's current configuration (average force for a 4.5 μm bead 115-125 μm from the pole tip), corresponding to the maximum force applied in a typical micropiston experiment. As seen in the inset figure, force increases dramatically as the distance between the bead and the pole tip decreases. By reducing the width of the main channels, thus decreasing the separation between the bead and the pole, the maximum applied force could be increased significantly, up to 500 pN for a 50 μm wide main channel. For applications requiring higher forces, multiple magnetic beads may be used in a single compression channel at one time (see Figure 9(b) ).
D. Piston at work
Actuation of the completed micropiston device is shown in Fig. 9 . In part A, magnetic forces are used to drive a 4.5 μm superparamagnetic bead towards the constricted end of the channel and sub-pN fluid forces are used to return the bead to its original position. In a typical experiment magnetic forces are only used to move the bead towards the constriction, with the bead returning towards its initial position when the compressed material relaxes in the absence of an applied force (electromagnets turned off). In Fig. 9(b) , two separate compression chambers, each with four beads, are actuated simultaneously with a 2.5 A drive signal. The number of beads used serves as a force multiplier, in this case generating compressive force in these two chambers of 1.2 nN (4 beads × 300 pN/bead).
IV. SUMMARY
We describe a combination microfluidic, magnetic force system for the application of compressive forces to biological targets under confinement that is compatible with widely available commercial microscope components, including high numerical aperture (N.A.) objectives. This magnetic force micropiston is capable of applying compressive forces in excess of 300 pN on a single bead, and greater than 1 nN (approximately 10× greater than any similar system) when used with multiple magnetic beads in a single compression chamber. The use of magnetic forces eliminates concerns of potentially damaging localized heating associated with laser based manipulation systems. Additionally, the use of magnetic forces allows multiple compression chambers to be operated in parallel, making high throughput experiments a future possibility. Applications of this instrument include measurements of biopolymer stiffness and expansion forces generated by polymers and cells, all as a function of buffer or extract composition, as well as the determination of the effects of compressive stresses on biological polymers and cells. More specifically, we plan to use this instrument to study the role of confinement in generating the previously observed helical structure of the E. coli nucleoid.
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